Estimation of exposure-response relations from epidemiological data is complicated by the fact that exposures usually vary in intensity over time. Cumulative exposure indices, which do not separate the effects of intensity and duration, are commonly used to circumvent this problem. In this paper the estimation of relative risk for specific ranges of exposure intensity from such data is considered using existing statistical methods for fitting multivariate relative risk models. This has the advantage that it does not assume that exposure intensity and duration have equivalent effects on risk. It also throws light on the possible existence of a threshold. The procedure was applied to data from a cohort of 406 vermiculite miners to examine the lung cancer risk associated with exposure to fibrous tremolite, which contaminated the vermiculite. The pattern of exposure-response differed substantially from that obtained using a cumulative exposure index to assess risk.
Once the health effects of exposure of man to a toxic substance have been shown it is important to quantify risk in terms of exposure so that control limits may be established. In many studies only the duration of exposure is known and no information exists about intensity. Even where intensities have been estimated with some accuracy they usually vary over time. This is certainly true in occupational studies in which workers may hold a variety of jobs entailing differing amounts ofexposure and where the industrial process or work environment may change radically.
The usual approach is to compute a cumulative exposure index as the product of duration and intensity summed over all the intensities to which a subject has been exposed. This is attractive for several reasons The existence of statistical methods for fitting multivariate risk models makes it unnecessary to rely only on an overall index such as cumulative exposure to assess risk when intensity data are available. In this paper we describe a general strategy for directly estimating the relative risk associated with specified ranges of exposure intensity using data from subjects who have been exposed at a variety of intensities. Our approach-is applied to data from vermiculite miners to assess the exposure-response relation between amphibole fibres in the tremolite series and lung cancer.
Statistical methods
The approach described here is applicable to any cohort for which data reflecting intensity are available over time and the outcome ofinterest is dichotomous, such as mortality from a specific disease. As a first step we group exposure intensities into categories. ;.i = exP{ L3jXij(u)} As*(u) Using the notation of Breslow et al' Xi(u) is the probability that the i"' subject will die during year u, conditional on exposure history and survival to year u; ki*(u) is the probability of death for an unexposed subject reaching the same age in the same year. The p independent variables include durations at the m exposure levels and any other predictors. This model is based on the proportional hazards model of Cox, 4 which assumes that the relative risk (the ratio of ki(u) to ki*(u)) for a given set of values of Xi,(u) is constant over all time points u. Exceptions to this can be accommodated by including independent variables that represent the interaction between time and exposure.' The regression coefficients (13s) for the exposure variables may be interpreted as the increase in the logarithm of relative risk for each year of exposure at a particular level after adjusting for other risk variables and covariates including time spent working at other intensities. To fit the same model by the case-control approach, controls for each of the deaths from lung cancer were selected by identifying all cohort subjects born in the same year as the case and alive at his time of death. Because our data set was small we used all eligible controls for each case rather than a sample. A total of 182 controls met the specified requirements, the number per case ranging from one to 17. For both cases and controls, exposure duration at each of the four levels was evaluated at the same time point, nine years before the year of death for the case. Table 2 presents the estimates of the model parameters from the person-years and case-control analyses. As would be expected, results obtained by the two approaches are similar, apart from a substantial difference between the estimated coefficients for level 3. Both procedures yielded negative non-significant coefficients ofrisk at the lowest exposure level (less than five fibres/ml). In both analyses the risk coefficient for the highest exposure (level 4) is about the same as that for level 2 even though the average fibre concentration for this level was 12 times that for level 2. In neither analysis was the coefficient for years since first exposure significant. The standard errors of all coefficients were smaller in the person-years analysis.
Discussion
As these analyses are based on a small data set, the parameter estimates defining the relation between exposure to tremolite and risk of lung cancer lack precision. Also, information about smoking was not available for the cohort; this would be an important Although any method for assessing exposureresponse from epidemiological data has shortcomings, some attempt should be made to separate the effects of intensity and duration whenever such data are available. This is particularly important when the ultimate objective is to set safety standards in terms of intensity. Extrapolations based on cumulative exposure may be misleading unless intensity and duration impact equally on risk. The analyses in this paper illustrate a straightforward method for dealing with the problem. 
